The characterization of plant disease symptoms by hyperspectral imaging is often limited by the missing ability to investigate early, still invisible states. Automatically tracing the symptom position on the leaf back in time could be a promising approach to overcome this limitation. Therefore we present a method to spatially reference time series of close range hyperspectral images. Based on reference points, a robust method is presented to derive a suitable transformation model for each observation within a time series experiment. A non-linear 2D polynomial transformation model has been selected to cope with the specific structure and growth processes of wheat leaves. The potential of the method is outlined by an improved labeling procedure for very early symptoms and by extracting spectral characteristics of single symptoms represented by Vegetation Indices over time. The characteristics are extracted for brown rust and septoria tritici blotch on wheat, based on time series observations using a VISNIR (400-1000 nm) hyperspectral camera.
Introduction
Hyperspectral images of plants are suitable to assess the health and vitality state of plants [1, 2] . Leaf diseases show characteristic symptoms, allowing a hyperspectral characterization of symptom development [1, 3] . The spectral dynamic of symptom development during pathogenesis has been described for numerous plant-pathogen systems [4] . Therefore, hyperspectral imaging has been applied on multiple scales from the leaf level via full plants up to the field and landscape scale [5] [6] [7] [8] . Platforms, microscope stands, laboratory systems, high-throughput facilities, as well as Unmanned Aerial Vehicles (UAVs), planes, and satellites are used [5] [6] [7] 9, 10] .
This publication focuses on tracking leaf diseases of wheat at the leaf scale. Wheat (Triticum aestivum) is the second most cultivated crop worldwide which is threatened by various pathogens infecting root, stem, leaves, and ears [11] . At the leaf scale, a limiting factor is the natural variability in the spatial and temporal development of disease symptoms [12] . The exact position of symptom appearance and dynamics of development are bound to multiple parameters and, to a certain extent, unpredictable [13, 14] . Therefore, symptoms of different development steps are present at a certain point in time, hampering the clear extraction of the typical symptom development.
At best, each symptom has to be traced during the different observation days on its own to have a clearer look on the different steps of pathogenesis. Performing this task is extremely labor intensive and in many situations not feasible, e.g., for the early parts of the pathogenesis before expression of a visible symptom. Few studies have focused this task [5, 6] , but are restricted to the characterization of single symptoms instead of extracting a representative description of the pathogenesis.
A further advantage of spatially referenced hyperspectral time series is the generation of large amounts of training data with high quality annotation for the training of machine learning models [15] . Even very early effects of the disease could be included as positions on the leaves showing symptoms at a later point in time are known. The underlying assumption is that if disease symptoms are visible, the first changes could most probably be recorded by the hyperspectral camera a few days earlier.
Prerequisite for these applications is a common measurement coordinate system for every image, but its generation on leaf scale is challenging due to leaf movements and growing. The spatial assignment of two images is a common task in computer vision and addressed by the terms image matching or image referencing [16] [17] [18] .
In remote sensing a joint spatial reference system for multiple observations is often provided by the data distributor. Images are georeferenced by an automatic process to localize reflectance characteristics and perform multi-temporal analyses based on repetitive observations of a location. Space and airborne images are georeferenced either by ground control points with known coordinates or by additional sensors determining the location and orientation of the sensor platform. Usually Global Navigation Satellite System (GNSS) receiver are combined with Inertial Measurement Systems (IMS) to reach sufficient global accuracy as well as local continuity [19, 20] . Ortho-rectified images are generated by projecting the reflectance information obtained from the 3D earth surface on a 2D reference plane using the determined camera models. By this approach, spatial distortion within the images can be removed [20] .
However, in close range scenarios with plants, the image referencing relies typically on the image content instead of external sensors as the measured object cannot be assumed to be solid. Therefore the joint coordinate system is a new concept on the leaf scale. Most of the approaches of extracting geometrical features aim at the classification of plant species based on the shape of its leaf or organs [21] [22] [23] but the generated features can be transferred to the image matching problem. Gupta et al. [24] investigated the growing characteristics of multiple species using a dense grid of ink markers on the leaves. Based on reference points on a separate reference object, camera models have been further determined for the combination of reflectance and 3D surface data of plants [25, 26] .
Generally, three method groups to establish correspondence between RGB images can be identified: Point approaches [27] , area/contour approaches [28, 29] , and global approaches in pixel [30] or frequency space [31] . The point approaches detect relevant suitable points within the images and describe their local neighborhood by robust descriptors (e.g., Scale-invariant feature transform, SIFT [32] ) allowing an assignment of points from different images. Such methods are rarely used for plant leaves (e.g., [27] ) but are the standard procedure for RGB image matching for 3D reconstruction. Area and contour approaches at first extract the leaf within the image and perform an assignment based on the shape or texture characteristics of the leaf surface [29] . Yin et al. [33] used chamfer matching to perform the assignment of Arabidopsis leaves based on their shape. Bar-Sinai et al. [28] used a matching of the local graph of leaf veins to investigate the response of the leaf to mechanical stress. An approach for the multi-modal registration of RGB images and thermal images of plants based on extracted silhouettes in both image types has been developed [34] . There, a non-rigid spline model was used to match the silhouettes and generate the data for the detection of diseased plant tissue [35] .
These methods for spatial image matching rely on characteristic shapes or textures. In the present case of parts of wheat leaves none of that is informative. In monocot plants the leaf veins are arranged in parallel and provide no intersections to detect. Moreover, the low spatial resolution of hyperspectral images compared to RGB images prevents the extraction of detailed surface texture information. Disease symptoms may be suitable patterns at later time points but are not present at the earlier days. The silhouette of the fixated leaf parts matches approximately a rectangle, especially for larger leaves where the leaf tip is not captured.
To handle this challenge, artificial reference points of white color have been applied on the leaf surface to allow the image referencing within this study. Leaves are fixated to reduce the complexity to a 2D case approximating the leaf surface by a horizontal 2D plane. In such a case, transformations between different image coordinate systems can be performed by 2D transformation like Affine, Similarity, or Polynomial transformation models [36] . The optimal choice depends on the required model flexibility.
We introduce an approach to spatially reference multiple hyperspectral image cubes of time series experiments. These spatially referenced images form a new 4 dimensional data type with two spatial axis (x and y), one spectral axis (λ), and a fourth temporal axis (t). Within this new data type disease symptoms can easily be traced back in time, even to the point when no symptom is visible for the human eye.
The referencing is performed using an algorithm robust against missing or non-stable reference points by including the RanSaC algorithms [37] and multiple 2D geometric transformations [36] in combination with a well-defined set of control points. As data, time series measurements of wheat leaves fixated in a grid frame assessed by a VISNIR hyperspectral pushbrom camera sensible in the visible (400-680 nm) and near-infrared part of the electro-magnetic spectrum (680-1000 nm) were used. Two relevant diseases of wheat with different symptom expressions were covered: Septoria tritici blotch and brown rust ( Figure 1 ). 
Materials and Methods

Plant Material & Fungal Pathogens
Plant Material
Wheat plants (triticum aestivum), cv. Taifun and cv. Chamsin (KWS SAAT SE, Einbeck, Germany) were grown in plastic pots in substrate ED73 (Balster Erdenwerk GmbH, Sinntal-Altengronau, Germany). The plants were grown under greenhouse conditions with 22/20 • C day/night temperature, 60 ± 10% RH and a photoperiod of 16 h per day. Plants were inoculated after reaching BBCH growth stage 30 (sprouting) [38] .
Fungal Pathogens
Inoculations of wheat plants were done with isolates of Zymoseptoria tritici and Puccinia triticina. The isolate of Z. tritici was cultured on artificial ISP2 media. As obligate biotrophic pathogen, P. triticina was maintained on living plants.
Hyperspectral Measurements
A hyperspectral line scanning spectrograph (ImSpector V10E, Spectral Imaging Ltd., Oulu, Finland), covering the VISNIR spectral range from 400-1000 nm has been used for image assessment [6] . Images had a spectral resolution of up to 2.8 nm and a spatial resolution of 0.14 mm per pixel. This results in a hyperspectral datacube with 211 bands and 1600 px per image line. A homogeneous illumination was ensured by using six ASD-Pro-Lamps (Analytical Spectral Devices Inc., Boulder, CO, USA). Camera and illumination were installed on a motorized line scanner (Spectral Imaging Ltd.).
Camera settings and motor control were adapted using the SpectralCube software (Version 3.62, 2000, Spectral Imaging Ltd.).
Leaves have been horizontally fixed in a tray using strings allowing imaging of around 20 cm of each leaf. Multiple leaves have been placed side by side within a single image. White color spots are applied as reference points on the leaves to allow image referencing. As shown in Figure 2 , six spots in two rows are applied to each leaf section of approximately 4 cm. Observing five leaf sections limited by the fixating strings results in 30 white color spots on each leaf.
As background material, blue cardboard has been selected as it supports background segmentation. For brown rust, time series measurements from 2 to 12 days after inoculation (dai) have been captured. Contrarily, for septoria tritici blotch 15 to 27 dai were covered due to the deviating process of pathogenesis. The data has been normalized, i.e., reflectance was calculated relative to a barium sulphate white reference (Spectral Imaging Ltd.) and a dark current measurement. Normalization has been performed following [39] using ENVI 4.6 + IDL 7.0 (EXELIS Visual Information Solutions, Boulder, CO, USA). 
Algorithm for Hyperspectral Image Referencing
The proposed algorithm is divided into four steps: 1. background segmentation, 2. reference point detection, 3. matching of reference points, and 4. the spatial transformation ( Figure 3 ).
Background Segmentation
The background segmentation relies on the classification method Random Forest algorithm [40] to separate leaf regions and background. The model was trained by manual annotation of a single hyperspectral image. As training data 1000 pixels of the blue background, 1000 pixels of healthy leaf tissue, 1000 pixels of chlorotic leaf tissue, and 500 pixels of spore stocks were randomly sampled from the annotation in which the human expert has tried to represent the class variability. Remaining artifacts of misclassified pixels causing very small regions and holes within large regions were corrected using connected components approach. Leaf regions were extracted and identified by corresponding leaf number based on the position within the image.
Reference Point Extraction
For the selection of the reference points, the Random Forest algorithm was applied as well. By manual annotation 100 pixels of the white reference points and 1000 pixels of plant material (balanced mixture of healthy, chlorotic, and spore stock tissue) were selected and used to train the model. Classified regions within a size range of 3 to 40 pixels were regarded and the center of gravity was extracted as the pixel position. To exclude mixed pixels, the reference point region has been extended by 3 pixel and removed from the leaf regions. 
Assignment of Reference Points
Point correspondence was used to derive the geometric transformation model between two images of a leaf recorded at different observation days. Following, the assignment of single reference points between the different observation dates is a prerequisite for image transformation. In our approach, the Random Sample Consensus (RanSaC) algorithm [37] determines a preliminary nonreflective similarity transformation by assigning two random reference points in the base image to two random points in the image to reference. The models were evaluated by projecting each reference point of the origin image to the target image and assess the distance to the closest reference points of the target image. Reference points within a distance of 20 px are assumed to be correct and, therefore, support the model. By repeating this process and selecting the transformation model with the maximum number of supporting reference points, a preliminary referencing was performed. Using nearest neighbor assignment with a distance threshold of 20 px, reference points were assigned and reference points without counterpart were excluded from the further process.
Spatial Image Transformation Models
A transformation model was derived using the corresponding reference points. It is used to reference all images of a time series to the first observation day. The type and flexibility need to be adapted to the specific task. We compared different transformation types [36] : Nonreflective Similarity, Affine, Projective, Polynomial, and Local Weighted Mean (LWM).
Nonreflective Similarity transformation is defined by rotation, translation, and scaling. Adding a shearing parameter and another scale factor results in an Affine transformation. The Projective transformation represents a central-projective transformation between the two image coordinate systems and is defined by eight coefficients [36] . The Polynomial model relates the coordinates within the two images by a mathematical description based on two 2D polynomials. We selected polynomials of order 3 as they are able to represent the assumed leaf movements. The LWM model differs from the mentioned transformation due to its local character. The image is divided into regions in which a local polynomial transformation model is applied [41] .
All steps of the algorithm have been performed using Matlab 2013a (The Mathworks, Natick, MA, USA) and the corresponding Image Processing Toolbox.
Evaluation of Transformation Accuracy
Evaluation of the transformation accuracy was performed by the Root Mean Square Error (RMSE) on Euclidean deviations of n reference points
To evaluate the transformation quality, assessing the mean accuracy of projected reference points is not sufficient. Large distortions or missing image information can occur in parts of the leaf without affecting the RMSE parameter. Therefore, two further quality parameters were introduced: Stability and Extrapolation. The first is defined as the RMSE of an inner point, if it is not included into the transformation model. This approximates the transformation quality of arbitrary points of the leaf. The extrapolation parameter approximates the transformation quality at the leaf border by the transformation accuracy of the four outer points point in the first and last point columns at the leaf base and the leaf tip (cv. Figure 2) . The evaluation has been performed on the full time series (11 images) of a representative leaf showing brown rust symptoms. For the accuracy measurement 11 × 30 = 330, for the extrapolation 11 × 4 = 44, and for the stability 11 × 5 = 55 reference points have been used. The hold out reference points for stability calculation have been evenly distributed within the inner points.
Vegetation Indices
For characterization of the spectral development of symptomatic areas, Vegetation Indices based on selected spectral bands (λ i ) have been used. The Normalized Difference Vegetation Index (NDVI) uses a combination of a red band (670 nm) and a NIR band (800 nm) according to formula 2 to extract information about plant vitality and Chlorophyll content [10] . In addition, the Photochemical Reflectance Index (PRI) was calculated, using the difference between two bands in the green color range (531 nm and 570 nm) [42] as well as the Anthocyanin Reflectance Index (ARI) that uses a green (550 nm) and a NIR (700 nm) band which is sensitive to changes in carotenoid pigments [43] .
The selected Vegetation Indices are correlated to different plant-physiological parameters (chlorophyll content, photochemical activity, anthocyanin content) which are significantly influenced during disease development.
Presymptomatic Labeling
To demonstrate the advantages of a fully referenced data set, we used spatial referencing to move the border of symptoms that can be annotated retrospectively regarding the infection time. At first a supervised classification model (Random Forest algorithm [40] ) has been derived on the full spectral information based on manual annotations of vital plant material, chlorotic regions, and spore stocks of brown rust (training data composition given in Section 2.3.1). Such models reproduce the visual annotation with good accuracy but are not able to detect invisible effect.
Here, spectra of pixels that were two days later detected as diseased were include in the training data and the Random Forest model is retrained. Furthermore, only pixels were included that are observed at every observation day to guarantee continuous time series observation for every point on the leaf surface within the data set. The extended annotations are used to retrain the classification model.
Results
This section presents the obtained results of the spatial referencing algorithm for hyperspectral images and the proposed applications tracing of symptoms and advanced labeling. The referencing approach has been applied to time series observations of two different diseases: Septoria tritici blotch and brown rust, each represented by twelve leaves. Figure 4 shows the effect of referencing by the RGB visualization of hyperspectral images showing a progressing brown rust infection 2-12 dai. Figure 1) .
Background Segmentation and Reference Point Detection
Parts of the algorithm are common and well understood steps in many image analysis pipelines. 1. background segmentation and 2. reference point detection did not limit the accuracy or performance of the algorithm. The used Random Forest classifier was trained on manually annotated but representative training data and reached on this data an accuracy of more than 99%. The derived class images "background vs. leaf" and "leaf vs. reference point" showed a high level of concordance with the visual impression. In transfer regions, e.g., the unsharp transition of leaf tissue to the white color of the reference points, a true region boundary is not defined. Consequences are neglectable as the center of gravity of the reference point region showed a high level of reproducibility within the different images. In contrast, the matching of the reference points to the base image of day 1 is challenging if larger movement had occur or missing points complicate the assignment process. The RanSaC algorithm determines a preliminary non-reflective similarity transformation and allows a nearest neighbor assignment. More flexible transformations tend to degenerated cases assigning multiple reference point to a single base point. Using the RanSaC with 10,000 iteration, an optimum has been found in each case, whereas using only 1000 iteration led to a suboptimal result in around 10% of the runs.
Transformation Model
The flexibility and robustness of a transformation model type determines the suitability of the model for a specific task. Average quality parameters of the different models for the full time series of a representative leaf of the brown rust data set are given in Table 1 . Table 1 . Performance parameters (accuracy, stability, and extrapolation) of the five transformation model types assessing the suitability for the spatial referencing of wheat leaves. The accuracy is measured by the reprojection error of used reference points. The stability is measured by the reproduction error of unused control points within the leaf and the ability to extrapolate is measured by the root mean square error (RMSE) of unused control points at the base and the tip of the leaf. Displayed are the mean results during the whole time series of eleven days (standard deviation in brackets). The extracted quality parameters indicate advantages of using transformation functions with higher flexibility and more model parameters. In each of the three performance parameters accuracy, stability, and extrapolation, the LWM transformations reached the lowest error rates whereas Similarity and Affine transformation obtained the highest error rates.
Similarity
Presymptomatic Labeling
The effect of the extended labeling is shown in Figure 6 . The manual annotation allows to detect the spore stocks with good accordance with the visual impression. The highly chlorotic tissue at the later observation data was also selected whereas the transition areas to the vital plant tissue is mostly assigned to the healthy class. The extended labelling allows to move this border between vital and chlorotic tissue. The transition areas are now separated from the vital area and regions showing no visual symptoms are detected.
Non-continuously observed points of the leaf surface were excluded causing that the covered area by the fixation strings are widened as it is summed up for each day. 
Discussion
The results show that automated referencing of hyperspectral images is possible. The shown approach enables the tracking of spatial symptoms regarding size and reflection in particular for the spectral area between 400-1000 nm. Furthermore, tracking of the spectral characteristics of diseases over time gives new insights for a biological interpretation and an improved detection. This has been shown for brown rust for periods between 2-10 days after inoculation and for 15-30 days for septoria tritici blotch ( Figure 5 ). The time series uncover similarities as well as differences within the type of effect and its dynamics. For both diseases the NDVI is reduced and the ARI increased indicating the degradation of chlorphylls and the production of anthocyanins, but the change by septoria tritici blotch is much sharper. The PRI shows contrary effects if the two disease: Brown rust induces a decrease whereas septoria tritici blotch induces an increase. PRI is related to the photochemical activity meaning the productivity of photosynthesis [42] . This is surprising as the brown rust permits vital leaf tissue whereas septoria tritici blotch causes necrotic tissue. Such response may be explained by the pigments of the produced brown rust spores interfering with the used bands of PRI [44] .
The extended labeling showed high potential to train machine learning models with higher sensitivity even in very early symptom stages ( Figure 6 ). To the best of our knowledge, this is a new approach in hyperspectral close range imaging. In non-imaging setups the early symptoms has been classified [45] . In such scenario a spatial referencing is not required, however, this neglects the high sensitivity for small scale symptoms [6] .
Conditions for tracing are proper measurement setup and suitable background material allowing a clear background separation. The background material has to differ significantly from the plant material, wilted leaves, reference points, and disease symptoms. The selected blue paper material fulfills these demands. Minor errors occur at reflecting metal edges of the tray but these can be filtered out by a minimal region size. Same applies for the reference points. They need to be durable enough over the experimental period and, furthermore, need to differ significantly from plant material, wilted leaves, and disease symptoms.
Critical parts include the selection of the transformation model as it is always a compromise between robustness and accuracy. The LWM model provides the highest accuracy (Table 1) . Nevertheless, the Polynomial transformation model was selected as it reached very similar results compared to the LWM model which tends to produce distorted image areas due to its local character. As local transformation models depend always on a small part of the information, they are less stable but have the ability to represent also local changes due to wilting. In the present data set, the resulting distortions and twisting effects could not be represented by any of the models. Advantages of the local model were therefore very rare whereas negative effects occur much more frequent especially at the leaf borders.
One disadvantage of the showed method is the use of markers on the leaf tissue. Effects of the marker material on the underlying leaf tissue cannot be completely excluded as well as a possible change of the disease development. However, differences were not observed between marked leaves and unmarked control plants.
Limitations for the method are given by the size of the reference points. Using the shortwave-infrared camera (1000-2500 nm; Specim Spectral Imaging Ltd., Oulu, Finland) of the measurement platform, it was not possible to detect them with the required accuracy. The spatial resolution of the shortwave-infrared camera is by a factor of 10 lower than the spatial resolution of the VISNIR camera [25] . Upcoming hyperspectral cameras may be able to allow the spectral referencing also within different spectral regions.
Further research will focus on the use of interest operators on image data as they are used for motion tracking. In particular the use of the SIFT [32] operator for tracking within RGB Image sequences could be an applicable alternative. This could be adapted to the needs of hyperspectral image sequences using different bands and their spectral relation.
Spatial tracking of markers is a key capability for transferring the findings of the shown experiments to the high throughput greenhouse scale (e.g., [46] ). Tracking is needed due to leaf movement (external) and plant growth (internal) which leads to a complex transformation of the complete plant. At the moment, the method is limited to 2D leaves due to the integrated geometrical transformations. Even since the data fusion of hyperspectral images and 3D models is possible [25, 26] , the referencing has many more degrees of freedom. Changes in the shape of the leaf over time has to be represented within the transformation model having the potential to result in a runaway model complexity. Furthermore, reference points within the 3D model has to be selected, described (e.g., by RIFT descriptor [47] ), and assigned to image locations. However, extensive studies are required to represent leaf growing and leaf movements by a compact and applicable model. Modelling the complete development of not only geometry, but also nutrient supply and changes in reflectance is possible when using L-Systems [48] or FSP models (FSPM-functional-structural-plant-models) [49] which use substitution in a grammar structure to model the plant development. By this, the continuous geometric referencing of hyperspectral images provides valuable input data for modelling plant growing and development.
Conclusions
This publication introduces a method for referencing of hyperspectral images. Field of application is the improved tracking of hyperspectral information of disease symptoms and their development over time. Results have been shown for symptoms and their development of septoria tritici blotch and brown rust, using a VISNIR camera measuring between 400 and 1000 nm. The potential of the method has been demonstrated by extracting the dynamic of spectral indices of a single symptom over time. Furthermore, the possibility to annotate invisible symptoms by tracing visible symptoms back in time to the invisible phase of pathogenesis. The concept of spectral tracking over time can contribute to a more dynamic research of disease development instead of focusing to mature symptoms and their appearing in the visible bands.
